Introduction
Muscles paralysed by spinal cord injury are not always quiescent. These muscles start to contract involuntarily a few weeks after the injury. Many of the contractions are weak, occur in response to no obvious stimuli and involve spontaneous firing of motor units for long times at low frequencies. This kind of involuntary muscle contraction is commonly seen in hand muscles ; Thomas & Ross, 1997; Zijdewind & Thomas, 2001; Gorassini et al. 2004; Zijdewind et al. 2012) .
In our earlier study, two distinct patterns of spontaneous motor unit activity occurred in thenar motor units paralysed by spinal cord injury. Some units only fired sporadically during 2 min records. Other units fired at a mean steady rate of 6 Hz, with either low or high firing variability (Zijdewind & Thomas, 2001) . This mean firing rate is low compared with those typically seen during weak, steady voluntary contractions (Matthews, 1996; Bawa & Murnaghan, 2009 ). The minimum firing frequency of a unit during steady firing is mainly determined by the duration of the post-spike afterhyperpolarisation (AHP) (Kernell, 1965 (Kernell, , 2006 , see discussion p. 110) and it is known to closely match the duration of the motor unit twitch (Bakels & Kernell, 1993) . Whether there are changes in the intrinsic properties of spontaneously active motoneurones and motor units after human spinal cord injury is unclear. It is also unknown how often unit firing occurs at interspike intervals that are longer than the afterhyperpolarisation, rates at which the motoneurone is largely excited by synaptic noise (Person & Kudina, 1972; Matthews, 1996) .
In the present study, our aim was to record long periods (30 min) of motor unit activity in thenar muscles paralysed by spinal cord injury. These extended recordings allowed us to analyse the long-term firing behaviour of these units, including the ways in which units started and stopped firing. If a unit began to fire without changing the activity of already active units, and stopped firing similarly, the intrinsic properties of its motoneurone must strongly influence unit recruitment and derecruitment. These data also make it possible to examine how units adapted their activity, and whether the firing of simultaneously active units covaried. The latter would suggest that units received common inputs. Further, we have used this long-term unit activity to estimate the time course of the post-spike afterhyperpolarisation of different motoneurones, as well as the force and contraction time of the same motor units. These data provide insight into basic motor unit firing behaviour that may underlie what is typically recorded during voluntary contractions. 
Methods

Ethical approval
The University of Miami Institutional Review Board approved this study, which conformed to standards set by the Declaration of Helsinki (2008) . Each subject gave informed written consent prior to participation. Thenar muscles of nine male spinal cord-injured subjects (mean age: 38 years, 12 SD) were studied. Injury details are given in Table 1 . One hand of each subject was studied (n = 3 right, n = 6 left). When a subject had some voluntary control of the thenar muscles in both hands, the hand studied had the weakest thenar voluntary strength, as judged manually by an experimenter. If the thenar muscles in both hands were paralysed, the thenar muscles evaluated were those the subject reported were most likely to contract involuntarily.
Experimental set-up
As described previously (Thomas, 1997; Zijdewind & Thomas, 2001) , the subject sat in their wheelchair with the test forearm supinated and supported in a vacuum cast. To stabilise the hand, thera-putty was molded around the hand and fingers and a metal plate was laid over the hand and strapped down with Velcro. The thumb was positioned against a custom-built transducer that registered isometric abduction and flexion forces. Braided, silver-coated, copper wire electrodes were used to record bipolar surface EMG from the thenar muscles. The common electrode was placed across the middle of the thenar muscles. The proximal electrode was placed across the base of the thenar eminence, while the distal electrode was placed across the metacarpal-phalangeal joint of the thumb. A ground electrode was situated proximal to the wrist. Intramuscular EMG was recorded using a custom-made monopolar tungsten microelectrode C 2012 The Authors. The Journal of Physiology C 2012 The Physiological Society (0.2 mm diameter, 10-15 μm exposed tip, electrolytically sharpened to a diameter of 1-5 μm (Hagbarth & Vallbo, 1969) .
Protocol
Each subject was given audio-visual feedback of the thenar EMG signals and they were asked to stop the firing of any active units. A motor unit that continued to fire after 10 s was considered to be spontaneously active. Throughout the experiment, subjects were instructed to remain relaxed and the EMG activity and force were recorded for 30 min (3 min samples, ∼10 s between recordings).
Data collection and analysis
Proximal and distal surface EMG, intramuscular EMG, DC force and AC force were filtered (0.03-1 kHz, 0.1-10 kHz, DC -100 Hz, 0.01-100 Hz, respectively) and sampled online (3.2 kHz, 12.8 kHz, 400 Hz, 400 Hz, respectively) using a SC/Zoom system (Umeå University, Sweden).
Motor unit firing patterns
Single motor units were identified based on the characteristic shapes of their potentials using amplitude and duration criteria. Motor unit identification was first performed automatically (Zoom software, Umeå University, Sweden). Thereafter, all motor unit potentials were visually checked and corrected manually. To verify that the recordings were from the same single motor unit, all the potentials for a given unit were overlaid to confirm the similar shapes. The proximal and distal surface EMGs associated with the potentials of a motor unit were averaged over ∼60 s and the different averages compared to verify motor unit identity further. The time between potentials of a motor unit was measured and the instantaneous frequency was calculated as the inverse of the interspike interval (ISI). The mean, median, standard deviation and range of the interspike intervals were also calculated for each unit. The coefficient of variation (CV: SD of ISI/mean ISI) was calculated for a 60 s period during stationary firing (i.e. data within 30 s of recruitment and derecruitment were excluded). In addition, we calculated a measure of firing variability that only depends on adjacent intervals to avoid effects from slow differences in firing rate (Cv2, Holt et al. 1996) . Cv2 equals the absolute ISI difference of two adjacent ISIs divided by the mean ISI of these two ISIs. Mean Cv2 was calculated for each unit.
For units that started and stopped firing during the recording, recruitment and derecruitment frequencies were calculated from the first and last interspike intervals, respectively. A unit was considered to be recruited at the first interspike interval shorter than 500 ms (Fuglevand et al. 2006) . With time, some units continued to fire with interspike intervals >500 ms. Therefore, a unit was considered derecruited at the last interspike interval <1000 ms.
To quantify the increase in firing frequency after unit recruitment, we calculated: (1) the difference between recruitment frequency and the highest frequency in the first five ISIs (ISI 1-5); (2) the difference between the highest frequency in the first (ISI 1-5) and second five ISIs (ISI 6-10); and (3) the difference between the highest frequency in the first 10 (ISI 1-10) and second 10 ISIs . In addition, the time constant of the frequency-time plot was determined because firing frequency tended to plateau some time after recruitment.
Multiple units were active in some recordings. To assess the presence of common synaptic drive to co-active units, the mean firing frequency of each unit was calculated over consecutive 500 ms intervals. When firing was stationary, data from different units were plotted against each other. A significant association between the mean firing frequencies of two units indicated common drive (De Luca et al. 1982; Semmler et al. 1997; Gorassini et al. 2002; Mottram et al. 2009 Mottram et al. , 2010 . To examine whether a common input initiated recruitment of a second unit, we calculated the mean firing rate of a regularly firing unit over 2 and 10 interspike intervals just before and after recruitment of a second motor unit. If recruitment of the new unit was caused by common input one would expect that the firing frequency of the regularly firing unit would be increased at and just after recruitment. The same analysis was done after derecruitment. If a decline in common input resulted in derecruitment of a unit, we expected that a concurrently active unit would also show a decline in firing frequency.
Estimation of motoneurone afterhyperpolarisation duration
The duration of the afterhyperpolarisation (AHP) of regularly firing motoneurones was estimated in two ways, with the interval histogram transform method (Matthews, 1996 (Matthews, , 2002 MacDonell et al. 2007 ) and with the breakpoint method (Person & Kudina, 1972; Piotrkiewicz et al. 1999; Powers & Binder, 2000; Piotrkiewicz & Hausmanowa-Petrusewicz, 2011) .
To estimate the AHP duration by the method described by Matthews (2002) , interspike interval histograms were converted into an interval death rate plot. A death rate plot shows the probability that an interspike interval is ended by the initiation of a new spike. The plot grows with time because the size of the AHP declines with time, increasing the probability that a new action potential is initiated with C 2012 The Authors. The Journal of Physiology C 2012 The Physiological Society J Physiol 590.7 time. Growth of the death rate plot stops at the end of the AHP because the membrane potential is in a steady state. The probability of initiating a new spike is then constant over time.
Two sets of calculations were used to estimate AHP duration using the breakpoint method. First, a running mean of nine ISIs was calculated during stationary firing. By slicing the interspike intervals from different times and combining intervals with similar mean intervals (bin size 10 ms, with 5 ms overlap) it was possible to increase the number of intervals for each bin. The plot of the mean firing frequency versus the standard deviation for all bins was fitted with two linear regression lines, one for data that showed low firing variability, the other when firing variability was high. The point at which the regression lines intersected gave an estimation of the AHP duration (Piotrkiewicz et al. 1999 (Piotrkiewicz et al. , 2007 . Second, based on a technique described by Holt & colleagues (1996) as well as Piotrkiewicz & Hausmanowa-Petrusewicz (2011) , the absolute difference between two adjacent ISIs and the mean ISI interval of the same two intervals were calculated. Similar mean interspike intervals were grouped (10 ms interval, with 5 ms overlap), the mean absolute difference for each 10 ms interval calculated, then plotted against the corresponding mean interval. The data were fitted with two linear regression lines and the intersection of these lines used to estimate the afterhyperpolarisation duration (for details see Piotrkiewicz & Hausmanowa-Petrusewicz, 2011) .
Estimation of unit force
Spike triggered averaging was used to measure the abduction and flexion forces for each unit (Stein et al. 1972; Milner-Brown et al. 1973) . Data only contributed to the average when the interspike intervals were longer than 200 ms. Use of long interspike intervals minimized the amount of force summation and thus errors in the estimate of the motor unit twitch force. Abduction and flexion forces were measured from onset to peak force and the resultant twitch force was calculated. Contraction time was the time from force onset to peak. For some of the units the force was too weak to be measured accurately (n = 6).
Statistics
Associations between the AHP duration estimates using different methods, as well as the contraction time and mean interspike intervals, were analysed using linear regression analysis. Common drive to simultaneously active units was evaluated by looking for significant associations between the mean firing frequencies of pairs of units over 500 ms intervals. To assess whether common drive contributed to a unit starting to fire and stopping, firing rates of active units were compared before and after recruitment (derecruitment) of a new unit using paired t tests. Differences in the mean, median firing frequency and estimated AHP duration for regularly and irregularly firing motor units were assessed with a unpaired Student's t test; differences in maximal firing frequency and motor unit force were assessed with a Mann-Whitney U test (distribution of the data was significantly different from a normal distribution). Statistical significance was set at P ≤ 0.05. The firing rate (Y )-time (X) relation after unit recruitment was fitted with an exponential function (exponential rise to max; Y = a(1 − e −bX ). The relation between unit firing rate (Y ) and time (X) before derecruitment was fitted with a linear function (Y = a + bX).
Results
Motor unit activity was either sporadic (a few spikes dispersed amongst long periods of rest) or sustained over a long time. For 33 units that showed sustained firing, we analysed unit firing for more than 500 spikes or 10 min. The average number of identified action potentials per unit was 3690 (3366 SD, median 3026). Motor unit firing variability was very different between units ( Fig. 1 ). Motor units were arbitrarily divided into two groups on the basis of their firing variability (see Zijdewind & Thomas, 2001) . This division corresponded to the first break in the distribution of both CV and Cv2 (Fig. 1E ). Use of CV and Cv2 gave similar results with one exception. All motor units with a Cv2 >0.16 also had a CV >0.16 (Zijdewind & Thomas, 2001 ) and were labelled as units showing irregular firing (median Cv2 and CV: 0.6, n = 14). Most units having a Cv2 ≤0.15 (n = 19) also had a CV ≤0.15 (n = 18) and were labelled as regularly firing units. One unit had a Cv2 of 0.11 but a CV of 0.158. This unit was also labelled as a regularly firing unit (median Cv2 0.07; range, range 0.03-0.11; median CV 0.08; range, 0.05-0.158, n = 19).
Regularly firing units had low recruitment and derecruitment frequencies and slow frequency increases
Units were activated by a spasm, by contraction of muscles other than thenar muscles (e.g. by the subject changing their hand position or repositioning in their wheelchair) or by no obvious trigger. Units that started firing had low recruitment frequencies (mean 3.6 Hz, 1.2 SD; n = 7, see Table 2 ) compared with voluntarily recruited units in individuals with SCI (mean, 5.6 Hz; 2.7 SD; Zijdewind & Thomas, 2003) . Relatively slow increases in firing frequency occurred after unit recruitment ( Fig. 2A-D) . between 0.5 and 3.2 s (mean 1.5, 0.8 SD). The largest increase in frequency occurred in the first five ISIs (2.1 pps, 1.4 SD), followed by smaller increases (second 5 ISIs: 1.1 pulses s −1 , 1.0 SD). Thus, the frequency almost doubled in the first 10 ISIs (3.3 pulses s −1 , 1.2 SD) with more gradual increases in the next 10 ISIs (11-20: 1.7 pulses s −1 , 1.2 SD) when a plateau in firing rate was reached (increase in next ISIs 21-30: -0.4 pulses s −1 , 1.2 SD). Of interest, units that were activated several times during an experiment reached remarkably similar plateaus in firing frequency ( Fig. 2B-D) . The average firing rate of the regularly firing units was 6.7 Hz with a mean maximal firing frequency of 10.2 Hz (see Table 2 ).
Units stopped firing in one of two ways. After reaching a plateau in firing, half of the units (7/14 units) showed a slow but progressive decline in firing rate until derecruitment (Fig. 3A) , whereas the other units fired at a more constant rate and only decreased their firing rate within 20 s of derecruitment ( Fig. 3B ). At derecruitment, firing frequencies were low ((3.3, 1.6 Hz SD, n = 15; see Table 2 , Fig. 3 ) compared with the rates of units that were under voluntary control after SCI (5.2 Hz, 2.0 SD; Zijdewind & Thomas, 2003) .
Independent initiation and termination of activity in pairs of regularly firing units
Units were active for different times (128-1577 s). Figure 4 shows the progressive recruitment of four units that exhibited sustained firing. One unit started firing three times, either before or after the other three units began to fire. Similarly, this same unit stopped firing before, and in some cases after, the other units. This reversal of motor unit recruitment and derecruitment order was seen often. A change in recruitment and derecruitment order was observed in more than half of the nine pairs (n = 5) in which we could follow both recruitment and derecruitment. Figure 5 shows sustained firing for three units. The firing behaviour of two of the units was unchanged when the third unit began to fire. For 16 motor unit 
for all units that could be followed for more than 500 spikes or 10 min. The dashed line represents the separation between regularly and irregularly firing units. pairs the start and/or stop of sustained activity was probably not due to common input because the mean firing rate over 2 or 10 ISIs before and after recruitment of a second unit was not significantly different (n = 13; before recruitment, 8.5 Hz (1.7 SD; 2 ISI) and 8.3 Hz (1.4 SD; 10 ISI); after recruitment, 8.2 Hz (1.6 SD, 2 ISI) and 8.0 Hz (1.3 SD, 10 ISI)). Similarly, no significant difference was observed in the mean firing frequency before versus after derecruitment of a unit (n = 16; before derecruitment, 6.5 Hz (1.5 SD) and 6.6 Hz (1.5 SD); after derecruitment, 6.7 Hz (1.6 SD) and 6.6 Hz (1.5 SD)). However, once active for sustained periods, most pairs of units shared common inputs because the firing frequencies were positively related (n = 9/16; e.g. Fig. 4C ).
Of the unit pairs that showed a positive correlation, three pairs showed a strong correlation (R 2 > 0.5), and six pairs a medium correlation (0.1 > R 2 < 0.45, all P < 0.001). One unit pair showed a negative correlation. The other pairs showed no significant correlation (R 2 < 0.1).
Behaviour of irregularly firing units
Irregularly firing units had lower mean and median firing rates, but higher maximal firing rates than regularly firing units (see Table 2 ). The five pairs of irregularly firing units that were coactive showed weak or no correlation between their firing frequencies (R 2 < 0.1), suggesting lack of common inputs.
Estimated AHP analysis
To estimate the afterhyperpolarisation duration of the motoneurones with the method described by Matthews (1996) , units have to fire relatively regularly at different rates. Thus, only regularly firing units were included in this analysis. The estimated AHP duration averaged 158 ms (35 SD, n = 16 units). The estimated AHP durations were strongly correlated to the median ISI of the spontaneously active units (R 2 = 0.89; P < 0.001, Fig. 6D ). As recordings also have to include units firing close to their threshold C 2012 The Authors. The Journal of Physiology C 2012 The Physiological Society ) at University Library on August 30, 2012 jp.physoc.org Downloaded from J Physiol ( for spike initiation, which will result in a frequency distribution with a tail of longer interspike intervals, two regularly firing units were excluded from AHP analysis because their frequency distribution was close to normal (skew for the other units >1.0, see Powers & Binder, 2000) . One unit had too few data points for the AHP analysis.
With the breakpoint analysis the mean values for the AHP estimates for regularly firing units were 161 ± 28 ms (Piotrkiewicz et al. 1999 ) and 160 ± 27 ms (adapted method, Piotrkiewicz & Hausmanowa-Petrusewicz, 2011) . These estimated AHP durations also showed a strong correlation with the median ISI (R 2 = 0.66 and R 2 = 0.82 (adapted method); P = 0.001, Fig. 6F ). AHP durations estimated using the death rate and breakpoint analyses were significantly correlated with each other (R 2 = 0.46 and R 2 = 0.73 (adapted method); P < 0.01, Fig. 6E ). As an example, estimated AHP duration for one unit was 170 ms, 173 ms and 171 ms for the death rate plot, breakpoint and adapted breakpoint analysis, respectively ( Fig. 6A-C) .
Interestingly, unit firing behaviour varied with estimated AHP duration. Units in which the firing rate declined progressively before derecruitment (Fig. 3A) had median ISIs that were longer than the estimated AHP duration (mean difference: estimated AHP -median ISI: -4 ms, range: -1 to -9 ms, death rate analysis). These units also had a long time constant for the frequency-time relation at recruitment (1.4, SD 0.3). In comparison, units that fired at a constant frequency and reduced their firing rates just before derecruitment (Fig. 3B ) had median ISIs that were shorter than the estimated AHP duration (mean difference: estimated AHP -median ISI: 15 ms, range: 5-26 ms) and a shorter time constant (0.7, SD 0.2; P = 0.03) at recruitment.
The firing behaviour of most irregularly firing units was too erratic to estimate the AHP duration. For the seven units where estimation was possible using conventional breakpoint analysis, firing variability was still large compared with the regularly firing units which probably resulted in an overestimation of the AHP. Yet the mean AHP estimate for the irregularly firing units was significantly shorter (see Table 2 ) than that for the regularly firing units.
Motor unit forces
The twitch forces of regularly firing units were usually weaker than those of irregularly firing units ( Fig. 7A and B). On average, the irregularly firing units were the strongest units (Table 2 , Fig. 7C ). In one subject, recruitment frequency was inversely related to the twitch contraction time (R 2 = 0.70, P = 0.07, n = 5 units). This result, and the estimated AHP duration and force differences for units with regular versus irregular firing, demonstrate some of the expected relationships between the firing properties of the motoneurones and the mechanical properties of the motor units.
Discussion
Our data show that thenar motor units fired regularly or irregularly for long periods of time without conscious voluntary drive after SCI. These units started and stopped firing independently of each other, suggesting the importance of intrinsic motoneurone properties in recruitment and derecruitment. However, once active, most units shared some common inputs as their firing frequencies often covaried. The subset of regularly firing units that showed a progressive decline in discharge rate before derecruitment fired steadily with interspike intervals that were longer than their estimated AHP duration. The converse was found for regularly firing units with more abrupt frequency decreases before derecruitment. Their interspike intervals were shorter than their estimated AHP duration, which may reflect receipt of additional inputs. Overall, regularly firing units had C A B Figure 4 . Initiation, termination and sustained firing of units A, recruitment of 4 units. Note that the recruitment order of the first and second unit is changed during the second period of simultaneous activation whereas derecruitment order changes for the first and third unit during the second period of coactivation. B, enlarged time scale of recruitment of unit 1 and 2 from boxed area in A. Note that no increase in the firing frequency of the first unit was seen during recruitment of the second unit but the firing rate of both units declined simultaneously suggesting common inputs drive coactive units. C, rate-rate plot for all periods when the two units shown in B were coactive. J Physiol 590.7 longer estimated AHPs and were weaker than irregularly firing units, properties expected of lower threshold units.
Regular motor unit firing probably reflects persistent currents in motoneurones
The regular firing behaviour of units may reflect activation of persistent inward currents, as suggested by data from Bennett and colleagues (Li et al. 2004) . They showed that 5-HT 2C (serotonin) receptors on rat motoneurones are upregulated after injury, and increase spinal excitability (Harvey et al. 2006; Li et al. 2007) . Serotonin is an important neurotransmitter that brings the motoneurone close to threshold for action potential generation. 5-HT also amplifies synaptic current by adding persistent sodium and calcium currents (Hounsgaard et al. 1988; Hultborn et al. 2003; Li et al. 2004) . Additional depolarising synaptic currents then easily induce motoneurone activation that is long lasting because of slowly inactivating calcium currents (Li et al. 2004 ) (see for reviews : Heckmann et al. 2003 : Heckmann et al. , 2005 . This sustained firing behaviour may be facilitated by long-duration excitatory post-synaptic potentials in motoneurones after spinal cord injury (Norton et al. 2008) , or by constitutive activation of 5-HT 2C receptors after injury in the absence of 5-HT (Murray et al. 2010) . Descending brainstem fibres that commonly provide 5-HT to spinal motoneurons (Okado et al. 1991) probably also contribute to the maintenance of sustained motor unit activity in those subjects that retain some voluntary control over their thenar muscles after injury.
A slow decline in motor unit firing frequency distinguishes some regularly firing units
We suggest that our regularly firing motor units have relatively low recruitment thresholds but exhibit different long-term firing behaviour. The subset of units that showed a slow progressive decline in frequency before derecruitment had regular interspike intervals that were longer than their afterhyperpolarisation and had a slow increase in frequency at recruitment (mean time constant, 1.4, 0.3 SD). Similar slow firing rates (ISI longer than the afterhyperpolarisation) with low rate variability have been observed in rat motoneurones after chronic spinal injury (Li et al. 2004 ). This slow firing was shown to be related to repeated activation of a persistent sodium current at subthreshold levels. Deactivation of the sodium current by the afterhyperpolarisation was followed by reactivation of the sodium current. This behaviour could still be seen after blockage of persistent calcium currents (Li et al. 2004 ). If our regularly firing units with slow declines in rate are also repeatedly activated on the basis of this sodium current, our data suggest that this current is progressively declining with time. The origin of the reactivating current is unclear. It could be a persistent calcium current or a lingering synaptic current, as suggested for stroke patients (Mottram et al. 2010) . The other half of the regularly firing units probably received extra input as they maintained a steady firing rate until just before derecruitment. Their ISIs were shorter than their estimated AHP duration, and their frequency-time constant at recruitment was also shorter (mean time constant 0.7, 0.2 SD).
We propose that the irregularly firing motor units are higher threshold units. It must be stressed that these units do continue to fire for long periods of time but with highly variable interspike intervals (Fig. 1D) . These units may not receive enough synaptic input to activate persistent currents or to bring the motoneurone above threshold consistently. Thus, these units probably fire on the basis of synaptic noise such that the occasional input brings them just above threshold for spike initiation without enabling them to fire steadily with low variability. It is possible that Figure 6 . Motoneurone properties A-C, example of the different analysis used to estimate the afterhyperpolarisation duration (AHP) for the same unit (A, death rate plot, estimated AHP: 170 ms; B, breakpoint analysis, estimated AHP: 173.2 ms; C, adapted breakpoint analysis: 171.3 ms). D, relation between median interspike intervals and estimated AHP duration using death rate analysis (see A for example). E, relation between AHP duration estimates using death rate and breakpoint analysis (filled circles and continuous line (R 2 = 0.46), data determined according to Piotrkiewicz et al. 1999, see B for example; open circles and dashed line (R 2 = 0.73) represent data obtained using the adapted analysis of Piotrkiewicz & Hausmanowa-Petrusewicz, 2011, see C for example) . F, relation between median interspike intervals and estimated AHP duration using breakpoint analysis (R 2 = 0.66 and R 2 = 0.82 for the breakpoint analysis and the adapted breakpoint analysis, respectively; for symbols and lines, see E). G, AHP duration estimates (for symbols and lines, see E) in relation to the estimated AHP time constant (R 2 = 0.51 and R 2 = 0.68 for the breakpoint analysis and the adapted breakpoint analysis). Several data points overlap. mechanisms such as sprouting of central axons induces relative large excitatory postsynaptic potentials (Norton et al. 2008) , resulting in a few action potentials but the duration of the input is too short to fully activate persistent inward currents and regular firing. The strong forces produced by these irregularly firing units (Fig. 7) are also consistent with the properties of higher threshold motor units (see for reviews : Henneman & Mendell, 1981; Kernell, 2006) .
Unit recruitment and derecruitment probably depends on intrinsic motoneurone properties
Units generally started and stopped firing independently of each other, in support of the idea that the initiation of sustained firing relies more on intrinsic motoneurone properties than common synaptic inputs. We consider the ability to generate persistent currents (i.e. the presence of the appropriate ion channels) an example of an intrinsic motoneurone property. However, modulation of these currents depends on extrinsic sources, such as monoamines. In rats, constitutive activation of 5-HT 2C receptors also occurs after spinal cord damage (Murray et al. 2010) .
Reversals of recruitment and derecruitment occurred frequently between units close in threshold (Fig. 4) . This behaviour may be elicited by activation or deactivation of persistent currents at different rates, or may reflect time-related differences in intrinsic motoneurone properties such as spike frequency adaptation or accommodation (see Revill & Fuglevand, 2011 for simulation of how these properties contribute to motor unit firing).
Furthermore, synaptic input is likely to be important. A modest increase in synaptic drive may recruit a new unit, and prevent any reduction in the firing frequency of already active units due to spike-frequency adaptation (Bawa & Murnaghan, 2009 ).
In 5 out of 9 motor unit pairs (56%) evaluated here, the unit that was recruited first was also derecruited first (see also Fig. 4 ). In comparison, reanalysis of data obtained from SCI subjects by Zijdewind & Thomas (2001) showed that these reversals were less common in motor units under voluntary control (25% of the unit pairs). However, if we also included units that could be activated voluntarily but could not be deactivated voluntarily (i.e. units that showed sustained activation after the contraction), 45% (15/33 pairs) of the motor unit pairs showed reversals (i.e. the earlier recruited unit was derecruited first). These data illustrate that intrinsic motoneurone properties are an important determinant of motor unit derecruitment.
Once active, units were still responsive to additional synaptic input, as are rat motoneurones that fire on the basis of a persistent current (Li et al. 2004) . Most pairs of regularly firing units showed covariation in firing rates (Fig. 4) , which is indicative of common inputs (Semmler et al. 1997; De Luca & Erim, 2002; Mottram et al. 2009 Mottram et al. , 2010 . It is possible that the covariation in firing rates is also due to local changes in monoamines. The amount of covariation during the involuntary contractions evaluated here was less (maximal R 2 = 0.59) than reported for control subjects (R 2 = 0.78, 0.06 SD; Mottram et al. 2009 ) during voluntary ramp contractions. However, the range of motor unit firing frequencies is larger during voluntary contractions, which will result in an increased correlation coefficient.
Comparison of motoneurone and motor unit properties
Two different methods provided similar estimates for the AHP durations of the motoneurones. The values we obtained from the death rate analysis were equivalent or larger than data from soleus units (Matthews, 1996) or first dorsal interosseus muscle (Gossen et al. 2003) in control subjects. The breakpoint analysis also resulted in longer estimates for the AHP durations than obtained for hand or upper arm muscles in control subjects (Tokizane & Shimazu, 1964; Piotrkiewicz et al. 2007; Piotrkiewicz & Hausmanowa-Petrusewicz, 2011) . All of these results suggest that the properties of the motoneurones have changed towards slower type after SCI.
The low recruitment frequencies of all units also raise the issue of whether the properties of the muscle fibres have slowed. This suggestion is consistent with the slowing of muscle contractile properties that results from extra periods of stimulation (Kernell et al. 1987; Czeh et al. 1978) and the slower contraction times (but not relaxation times) of chronically paralysed whole thenar muscles and motor units (Thomas, 1997; Yang et al. 1990; Hager-Ross et al. 2006) or spastic plantar flexor muscles (Hidler et al. 2002) . Changes in calcium regulation or chronic use of baclofen may also contribute to these differential effects on contractile speed (Baar, 2005; Thomas et al. 2010) .
Our data also show that units firing for sustained periods exhibit motoneurone and motor unit properties that are appropriate for their firing behaviour. Irregularly firing units were stronger than regularly firing units, and had shorter estimated AHP durations and frequency-time constants. Irregularly firing units were also stronger than paralysed motor units in SCI subjects that were not active involuntarily (2.0-69.7 mN, data obtained by intraneural motor axon stimulation (Hager-Ross et al. 2006 ) and units of control subjects (2.5-31.8 mN, Thomas et al. 1990) ). Part of the increase in unit strength after spinal cord injury may reflect increases in muscle stiffness, changes in calcium regulation and/or motor axon sprouting subsequent to motoneurone death (Yang et al. 1990; Howell et al. 1997; Griffin et al. 2002; Thomas et al. 2002) . It is unlikely that the force differences reflect issues with spike triggered averaging. Only recordings in which the interspike intervals of a motor unit were longer than 200 ms were included in our force averages. Thus, force reductions due to twitch fusion were minimal (Häger-Ross et al. 2006 ). Furthermore, the forces produced by the strong units were evident without averaging.
Sustained motor unit firing is involuntary
Several observations indicate that the sustained motor unit activity was involuntary. Units in completely paralysed muscles fired regularly or irregularly for sustained periods (Fig. 1) . The unit firing could not be stopped voluntarily even though all subjects were instructed to relax and to stop the unit activity. Units started and stopped firing at very low firing rates, behaviour not observed in units under voluntary control (Kiehn & Eken, 1997; Matthews, 2002; Zijdewind & Thomas, 2003; Bawa & Murnaghan, 2009 ). The start and stop of motor unit firing was not correlated with changes in the firing rate of other active motor units. Changes in recruitment order were seen more often than expected in units under voluntary control. Furthermore, the gradual increase in firing rate over 20 ISIs (∼3 s) is not seen when able-bodied subjects activate motor units voluntarily unless they are provided with feedback of the unit activity (Kiehn & Eken, 1997; Hornby et al. 2002; Mottram et al. 2009 ).
Spontaneous, involuntary motor unit activity is distinct from muscle spasms
Spontaneous motor unit activity typically involves weak contractions (often unnoticed by subjects) that have no obvious trigger, although the sustained firing can be activated by spasms or voluntary contractions. In some cases the sustained unit firing can also be affected by stimuli (Zijdewind & Thomas, 2001) . In contrast, spasms often involve strong contractions. They usually vary much more in intensity and duration. Spasms are easy to initiate using various stimuli such as light touch of the skin or passive movement of a limb. Furthermore, spasms can be dampened or stopped to some extent by various manoeuvres like a change in joint angle (Kawamura et al. 1989; Little et al. 1989; Thomas & Ross, 1997) .
Functional implications
Our data show that thenar motor units fire regularly or irregularly for long periods after cervical SCI. These firing patterns probably represent intrinsic motoneurone properties and provide a baseline output on which afferent and descending inputs are superimposed. This activity largely goes unnoticed because most the contractions are weak. Nevertheless, the maximal firing rates of the spontaneously active units were higher than those recorded during maximal voluntary contractions for three SCI subjects who participated in both this study and a previous one (13.6 ± 6.4 Hz versus 10.7 ± 3.6 Hz, respectively; Zijdewind & Thomas, 2003) . Therefore the factors driving spontaneous unit firing after spinal cord injury are more effective at increasing the firing rate than maximal voluntary drive. In terms of force, estimates from intraneural stimulation data suggest that the spontaneously active units would produce 67% of their maximal force at 13 Hz, on average, whereas the voluntarily activated units would generate only 58% of their maximal force at 11 Hz (Hager-Ross et al. 2006) . Muscle properties may be maintained better with more use (Pierotti et al. 1991) although it is also feasible that this sustained firing of units may weaken and slow muscles (Kernell et al. 1987; Gordon et al. 1997) . That the motor units remain excitable means they could be stimulated electrically to produce functional behaviours. It is also clear that more input is needed to activate the stronger spontaneously active units that fire irregularly. This may trigger spasms and disrupt function. if activation of these stronger units could be coupled with voluntary drive (Zijdewind et al. 2012) , the increase in force may facilitate use of hand muscles, a function that most people with cervical SCI want to improve (Anderson, 2004) .
